The aim of this study is to investigate the acute and chronic effects of static and dynamic stretching on muscle architecture of the peronealis longus and tibialis anterior muscles. Materials and Methods: All 34 participants who volunteered for this study were randomly divided into static (n=12), dynamic (n=11) and control (n=11) groups. The subjects in the stretching group performed stretching exercises for the ankle evertor and dorsiflexor muscles 5 days a week for 6 weeks. Morphological structures of peroneal and tibial muscles were evaluated at the beginning (2 times for acute effect) and the end of this period. Muscle architecture (pennation angle, fascicle length and muscle thickness) was evaluated by ultrasonographic measurements. Results: Either in terms of acute or chronic effects, no significant differences were found following static and dynamic stretching exercises for peroneal and tibial muscle morphology parameters (p>0.05). Conclusion: It is possible to state that static and dynamic stretching exercises with a total duration of 240 seconds have no positive or negative effects on muscle architecture of the peroneus longus and tibialis anterior muscles in means of acute and long-term applications.
INTRODUCTION
Athletes and coaches, often depending on their personal choice, use different type of stretching exercises while preparing for training and competition (1, 2) . The commonly used techniques are ballistic, neuromuscular facilitation (PNF), static and dynamic stretching exercises (3, 4) . Static and dynamic stretching exercises are the most preferred methods in the sports community (3) .
Theoretically, stretching exercises performed either statically or dynamically have different attributes on muscle tissues in terms of applied force. Consequently, contractile and noncontractile structures of the muscle tissue may give different responses to these stresses over time. It has been shown that muscle fascicle length increases and pennation angle decreases following chronic passive stretching in the ankle plantarflexor muscles (5) . Similar results were obtained in a histologic-based study executed in mice (6) . When static stretching exercises (for 60 seconds and 10 repetitions) performed 3 days a week for 8 weeks in the triceps surae muscles of mice, there was a permanent reduction in pennation angle (-25%), and a permanent increase in fascicle (-8.5%) and sarcomere (-5%) length. However, contradictory results have been seen in human studies with different stretching exercises. No effect was found with shorter stretching duration (90-120 sec) (7, 8) , whereas longer stretch durations (450 sec) (9) generated changes in muscle fascicle structure (increase in fascicle length and decrease in pennation angle).
Currently, there are conflicts among studies evaluating the effects of pre-activity stretching (acute effects) (5, 10, 11) or regular stretching after or outside periods of exercise as a long-term intervention (chronic) (7-9,12-16) on muscle structure. In general, the effects of static (5, (7) (8) (9) (10) 12, 14) , ballistic (12, 15) and PNF (13, 16) stretching have been investigated. No effect has been found with regular and long-term static stretching where total stretch duration was 90-120 seconds (7, 8, 12, 14) . However, Freitas and Mil-homens (9) stated that more intense and longer static stretching exercises (450 seconds) could increase the fascicle length and decrease the pennation angle. In studies investigating Achilles tendon stiffness, ballistic stretching decreased stiffness (12) , whereas PNF stretching (13) was not effective. In contrast, long-term ballistic stretching did not affect the fascicle length, pennation angle, and muscle and tendon stiffness in the gastrocnemius muscle (15) , while PNF stretching was effective on pennation angle and tendon stiffness in the same muscle group (16) . The only study we found in the literature investigating the effects of dynamic stretching exercises on muscle morphology demonstrated that dynamic stretching performed just before exercise activities was not effective on fascicle length and pennation angle of the gastrocnemius muscle (11) .
The architecture of a muscle (muscle thickness, fiber length and pennation angle) is an established predictor of its force generation (17) . As tension increases in the muscle during a force generation, the pennation angle also increases (18) . In other words, muscles including muscle fibers with higher pennation angle produce greater strength than the strength produced by muscles with lower pennation angle (19) . It has been reported in narrative (20) , systematic (21, 22) , and meta-analytical (23) review articles that static stretching represents decrements in torque production and dynamic stretching represents increments in torque production. Therefore, it would be useful to evaluate the effects of stretching exercises on muscle architecture also. It is obvious that the number of studies about the acute and chronic effects of static and dynamic stretching exercises on muscle morphology performed immediately before activity as an acute intervention and performed outside activity is insufficient in the literature.
Therefore, the aim of this study is to evaluate the acute and chronic effects of static and dynamic stretching exercises on the morphologic features of peroneal and tibialis anterior muscles.
MATERIALS AND METHODS

Subjects
Thirty-four healthy recreational male athletes participated in this study and were randomly assigned to either the static stretching (n=12, mean age 23.1 ± 3.1 year; mean height 175.1 ± 6.9 cm; mean body mass 68.1 ± 7.1 kg), dynamic stretching (n=11, mean age 22.6 ± 3.9 year; mean height 178.6 ± 8.8 cm; mean body mass 76.1 ± 11.2 kg) or the control group (n=11, mean age 22.2 ± 2.9 year; mean height 179.0 ± 5.7 cm; mean body mass 73.6 ± 12.5 kg) using sealed, opaque envelopes. The allocation sequence and preparation of the concealed envelopes were completed by one study researcher (GA). The flow of the study and participant assignment procedures through the study have been described in Figure 1 .
Figure 1. Flow diagram of participants
The anthropometric data (age, height and body mass) showed no significant differences between groups according to the independent sample t-test (p>0.05). All 34 subjects enrolled in this study were regularly participating in recreational sports, such as running, soccer, or basketball one to two times a week for durations of 30-60 minutes. Participants were excluded from the study if they had or experienced an ankle sprain; low-back or lower extremity dysfunction; any ankle surgery or fracture or any occurrence of "giving way"; complained of pain, swelling, or functional limitations in the ankles; or took part in any therapeutic exercise for the ankles within the preceding 12 months. All of the participants had no mechanical ankle instability prior to participating in the study according to anterior drawer and talar tilt tests performed by the same clinician. All measurements were performed in the dominant leg. To be consistent with previous research studies, the leg that the participant uses to naturally kick a ball was defined as the dominant leg (24) . There were 11 right-and 1 left-dominant subjects in the static stretching group, 9 right-and 2 left-dominant subjects in the dynamic stretching group and 10 right-and 1 left-dominant subjects in the control group.
The subjects read and signed the informed consent form about the test procedures, and any possible risks and discomfort that might ensue that were approved by the Uludağ University Institutional Ethical Board for Protection of Human Subjects (Approval number: 2015-7/13).
Experimental Procedure
Before initiating the experiments, the subjects were invited to the laboratory to receive information about the measurement procedure. Furthermore, stretching exercises (static or dynamic) that were planned to be performed on the ankle evertor and dorsiflexor muscles were demonstrated.
Muscle architecture evaluations of the peroneus longus and tibialis anterior muscles with ultrasound were performed on the same day. Subjects who were included in the stretching exercise groups (static or dynamic) performed the stretching exercises on the ankle evertor and dorsiflexor muscles 5 days a week for 6 weeks. To determine the acute effects of stretching, the measurements were repeated immediately within one to two minutes after completing the first stretching session. To see the chronic effects six week later, the measurements were performed the day after the participants completed the last stretching session. Blinding to treatment allocation of subjects was not possible due to the nature of the intervention groups. However, the principal investigator (US) was blinded to stretching exercise allocation and was responsible for baseline and follow-up assessments.
Stretching Exercises
Unassisted stretching exercises were designed for the ankle evertor (ankle in neutral and maximal plantarflexed positions) and dorsiflexor muscles in the dominant leg. The participants did not execute an active warm-up prior to the stretching protocol to avoid the possible effects of warm-up. The subjects implemented the stretching exercises 5 days a week for 6 weeks in the laboratory under supervision.
Static Stretching
Stretching exercises were carried out by the subjects themselves without external support to the point where they felt mild discomfort and tension but not pain, as acknowledged by the subjects. This position was maintained for 30 seconds. The stretching exercises were performed for 4 sets, each with a 30-second duration. The ankle was positioned to the resting position and held for 15 seconds between the sets and when the muscles to be stretched were changed.
Ankle Evertor Muscles (Peroneus longus and brevis)
These muscles were stretched with two different methods. The participant moved his ankle slowly inward (inversion) when the foot was on the ground in the first method. In the second method, the subject brought their ankle forward and inward with the help of their hands (plantarflexion and inversion). The stretching duration for the peroneal muscles with both stretching methods was 240 seconds in total.
Ankle Dorsiflexor Muscles (Tibialis anterior)
The subject, while seating on a chair, bent his knee joint and pulled the ankle back towards his thigh (plantarflexion) . This position was held for 30 seconds. The total duration of the static stretching for this muscle group was 120 seconds.
Dynamic Stretching
Dynamic stretching has been performed by the contraction of the antagonist muscles of the target muscle group to be stretched in a rhythmic manner. For example, rhythmic active contractions of the ankle invertor muscles were performed to obtain dynamic stretching of the peroneal muscles. The stretching exercises were performed for 4 sets, each with a 30-second duration. The ankle was positioned to the resting position and held for 15 seconds between the sets and when the muscles to be stretched were changed.
Ankle Evertor Muscles (Peroneus longus and brevis)
Two different dynamic stretching methods were performed. In the first method, the subject actively swung the ankle inward to the end of the range of motion where he felt tension (inversion) and returned back to the starting position, so that the ankle kept in neutral position. It has been repeated for 30 times with a frequency of 1 motion per second. In the second method, the subject pushed his toes to forward as far as possible (plantarflexion) and actively swung the ankle inward to the point where the ankle reached to the end of range motion and where tension was felt (inversion) and brought it back to the starting position. It has been repeated for 30 times with a frequency of 1 motion per second. The total duration of stretching with both stretching methods was 240 seconds.
Ankle Dorsiflexor Muscles (Tibialis anterior)
The subject, by contracting the calf muscles (gastrosoleus), actively push the ankle forward (plantarflexion) to the end of range of motion and to the point until tension was felt in the tibialis anterior muscle and brought it back to the starting position. It has been repeated for 30 times with a frequency of 1 motion per second. The total duration of the dynamic stretching for this muscle group was 120 seconds.
Ultrasound Measurements
The architecture parameters of the peroneus longus and tibialis anterior muscles were evaluated by an ultrasound (US) system (SonoScape Co. Ltd., Model S2, China) with a linear array probe (60 mm, 5-10 MHz). The same physician performed this procedure for every participant (US). Muscle thickness, fascicle length and pennation angle were measured. All subjects were in supine position with their knees extended and ankles were in neutral position. The measurements were performed while the muscles were fully relaxed. Images for the peroneus longus muscle were obtained distal to the caput fibula at the superior lateral side of the dominant leg where the muscle belly was palpable. Images for the tibialis anterior muscle, on the other hand, were obtained at the superior 2/3 part of the lower leg and 1 cm lateral to the anterior border of the tibia. The probe was held with a light touch in order to prevent any muscle deformation. The probe was held in the sagittal longitudinal plane parallel to the direction of the muscle fibers during the evaluations of the three muscle architecture parameters. Muscle thickness was determined as the distance between the superficial and deeper aponeurosis ( Figure 2 ). Pennation angle was calculated from the insertion of the muscle fascicle to the aponeurosis (Figure 2 ). Finally, fascicle length was determined as the length of the fascicular path between the upper and deeper aponeurosis (Figure 2 ). When the fascicles extended off the acquired image, the panoramic mode of the software was used. The mean value of two measurements for each muscle architecture variable was calculated and considered for statistical analysis. 
Reliability of Ultrasound Measurements
Measurements were repeated one week later by the same researcher (US) in 25 of the subjects (9 from static, 9 from dynamic, and 7 from control group) to test the "intra-observer" reliability of US measurements (pennation angle, fascicle length, and muscle thickness). Meanwhile, the previous results were blinded in order to prevent researcher's bias. Reliability evaluation between the two measurements was made by calculating the intraclass correlation coefficient (ICC) using the "Two-Way Mixed" model. ICC values between 0.90-0.99, 0.80-0.89, 0.70-0.79, and below 0.69 indicate high, good, medium, and bad reliability, respectively (25) . Table 1 shows the mean±SD values for muscle thickness, fascicle length, and pennation angle of the peroneus longus and tibialis anterior muscles and the ICC scores between the measurements. The ICC scores of the peroneus longus and tibialis anterior muscles were 0.70 and 0.92 for muscle thickness, 0.88 and 0.84 for fascicle length, and 0.86 and 0.72 for pennation angle, respectively. The stability of all measurements was assessed using the paired-sample t-test. There were no statistically significant differences between all tests (p>0.05). 
Statistical Analysis
Statistical analysis was performed using SPSS version 16.0 (SPSS, SPSS Inc., Chicago, Illinois, USA) software. Means and standard deviation were used to describe all variables. All tests were two-tailed, and the level of significance was set at p˂0.05. A priori power analysis was performed based on the reported values of previous studies (PASS 13 Power Analysis and Sample Size Software; NCSS, LLC, Kaysville, UT).
According to the analysis, group sample sizes of n1=n2=11 would have 80% power to detect a mean difference of 10% and standard deviations of 15% between variables with a significance level (alpha) of 0.05. Repeated-measures 3 (stretch type) x 2 (time) analysis of variance (ANOVA) model was used for comparisons of changes in US morphology parameters in stretching (static and dynamic) and the nonstretching control condition. This model was performed for analyzing both acute and chronic effects. In addition, an independent sample ttest was used to determine whether there was a probability of a significant difference between the three groups' pre-test mean scores and anthropometric data. Table 2 presents the morphologic features of the peroneus longus and tibialis anterior muscles before and immediately after the first stretching session (acute effect) and at the end of 6 weeks of stretching exercises (chronic effect) in the three groups. The baseline values in muscle thickness, fascicle length, and pennation angle of the peroneus longus and tibialis anterior muscles were not different between the static, dynamic and control groups (p>0.05, Table 2 ). Furthermore, there was no significant "Group x Time" interaction for muscle thickness, fascicle length, and pennation angle in terms of acute and chronic effects between the groups according to the 3 x 2 ANOVA model (p>0.05, Table 2 ).
RESULTS
DISCUSSION
The objective of our study was to investigate the effects of static and dynamic stretching exercises on the morphologic structure of the peroneus longus and tibialis anterior muscles in terms of both acute and chronic effects. We found no significant changes on muscle architecture following acute (evaluated immediately after first stretching) and chronic (evaluated following 6 weeks of regular stretching exercises) stretching. The morphologic parameters of the peroneus longus and tibialis anterior muscles measured by ultrasonography in the present study are partially consistent with the literature. When all the three groups' results were taken together, the pre-exercise peroneus longus and tibialis anterior muscle thicknesses were 2.1-2.3 cm and 3.1-3.2 cm, fascicle lengths were 3.9-4.1 cm and 7.6-8.0 cm, and pennation angles were 11-12° and 10-11°, respectively. The number of studies evaluating these data in subjects with similar age groups and activity levels are limited in the literature. Sopher (26) has revealed the muscle volume, muscle length, fascicle length, pennation angle and cross-sectional area of the muscles around the ankle joint in 8 male cadavers with a mean age of 80 years. The fascicle length of the peroneus longus muscle (3.7 cm) and the pennation angle of the tibialis anterior muscle (11°) were consistent with our data, whereas the pennation angle of the peroneus longus muscle (16°) and fascicle length of the tibialis anterior muscle (6.6 cm) were slightly different from the data we obtained with ultrasonography. The age of cadavers might be the possible reason for these differences. Similar to our study, Reeves and Narici (27) investigated fascicle length and pennation angle of the tibialis anterior muscle in rested and maximal contracted position using an US system in young subjects with a mean age of 25 years. The fascicle length was found around 7.5 cm and pennation angle around 9.5° in neutral and rested ankle position. The fascicle length decreased to 5 cm and pennation angle Table 2 . Muscle thickness, fascicle length, and pennation angle data for the peroneus longus and tibialis anterior muscles of the groups at the beginning and at the end of 6 weeks of stretching exercises (mean±SD). PER= Peroneus longus, TIB= Tibialis anterior, 6Week= following 6 weeks of stretching exercise program, Acute= interaction after the first stretching exercise, Chronic= interaction between the baseline and the end of 6 weeks of stretching program increased to 14° in ankle neutral and maximal contracted position. The fascicle length (7.6-8 cm) and pennation angle (10-11°) of the tibialis anterior muscle measured by ultrasonography in rested position were similar in the present study. In another study, Chleboun et al. (28) evaluated the fascicle length of the tibialis anterior muscle using real-time ultrasound imaging during walking in young subjects with a mean age of 23 years. While the fascicle length was the shortest (approximately 5.5-5.6 cm) at the beginning and end of walking phase, it reached the longest (6.2 cm) in the middle of this phase. Although it is difficult to compare these values directly with the data in the present study, tibialis anterior muscle length when it was in rest in a certain extent and contracted position during walking is partially consistent with our data.
Static
Stretching effects
There are various investigations in the literature that examine changes in muscle morphology with ultrasound following stretching exercises (5) (6) (7) (8) (9) (10) (11) 14, 15, (29) (30) (31) . These were mostly carried out in the gastrocnemius, hamstring and quadriceps muscles.
Acute Effects
Abellaneda et al. (5) evaluated the changes in fascicle length and pennation angle of the gastrocnemius muscle when the ankle plantarflexor muscles were passively stretched from 10° plantarflexion to 30° dorsiflexion. Fascicle length showed an increase from 57.6 mm to 80.5 mm (+40.9%), and a decrease have been observed in pennate angle from 21.2° to 14.5° (-30 .7%) in the medial head of the gastrocnemius muscle following passive stretching that was analogous to static stretching. The measurements were made in real time during stretching in this study. The changes in muscle architecture have not been evaluated after the stretching exercises were completed. Similar to the above studies, Morse et al. (10) have found that fascicle length increased from 65 mm to 75 mm and pennation angle decreased from 18.3° to 15.4° in the medial head of the gastrocnemius muscle while the ankle joint was passively dorsiflexed from neutral (0°) to 25° of range of motion at a constant angular velocity of 1°/sec. However, fascicle length (0°=61 mm, 25°=71 mm) and pennation angle (0°=21.7°, 25°=15.7°) did not show a statistical significant change following the maximal static stretching applied to the gastrocnemius muscle for a total duration of 300 seconds (5 sets and 60 seconds). Similarly, Konrad et al. (30) aimed also to expose the effects of static stretching to the gastrocnemius muscle for a total duration of 120 seconds (4 set and 30 seconds). Fascicle length and pennation angle of the medial part of the gastrocnemius muscle represented no change in neither the relaxed nor maximally stretched positions. Nakamura et al. (29) assessed the fascicle length of the gastrocnemius muscle before, immediately after and 10 minutes after static stretching (bringing the ankle to 30° dorsiflexion) for a total duration of 300 seconds with 5 repetitions of 60 seconds. The authors expressed that there were no significant changes in fascicle lengths measured at the angles of 0°, 5°, 10°, 15°, 20°, 25° and 30° of dorsiflexion immediately and 10 minutes after stretching. Sa et al. (31) applied static stretching to the quadriceps and hamstring muscles and found no significant changes in fascicle length and pennation angle of the vastus lateralis and biceps femoris muscles immediately after 30 seconds of static stretching exercise. In one of the few studies that investigated the effects of dynamic stretching on muscle architecture, Samukawa et al. (11) aimed to represent changes in pennation angle and fascicle length of the medial head of the gastrocnemius muscle following 5 sets and 30 seconds of dynamic stretching exercises. There were no significant changes in fascicle length and pennation angle measured immediately after each set of dynamic stretching exercises when compared to baseline values. The authors stated that they investigated the short-term effects of dynamic stretching and emphasized the need for further research to detect the long-term effects. Similar to the studies mentioned above, static and dynamic stretching exercises have found to have no significant acute effects on the fascicle length, pennation angle or muscle thickness of the peroneus longus and tibialis anterior muscles in the present study.
Chronic Effects
After getting the impression that static stretching exercises did not cause an acute change in muscle morphology, researchers concentrated on the effect of stretching exercises over a long period of time. The subjects in the study of Nakamura et al. (7) applied 2 sets of 60-second static stretching exercises to the medial gastrocnemius muscle per day for 4 weeks. Static ankle dorsiflexion stretching did not cause a significant impact on the fascicle lengths evaluated at 0° (~-0.3 cm) and 30° (~-0.1 cm). Konrad and Tilp (14) applied similar static stretching exercises 5 days a week for 6 weeks consisting of 4 sets of 30 seconds. They found that static stretching exercise did not induce significant changes in the fascicle lengths or pennation angles of the gastrocnemius muscle in rested and maximally stretched conditions. The authors claimed that increase in ankle range of motion following static stretching was due to adaptation of the nociceptive nerve endings rather than changes in muscle and tendon tissue. The pennation angle, fascicle length and muscle thickness of the vastus lateralis and biceps femoris muscles also represented no significant variations after an 8-week static stretching exercise that was applied 3 times a week (3 set x 30 seconds) in the study of Lima et al. (8) . The authors concluded that the stretching program was not effective because of the intensity and frequency. In fact, according to the results of the abovementioned studies, it has been seen that there is no effect on muscle morphology of regular and long-term static stretching exercises with a total stretching time of 90-120 seconds and a total stretching sessions of 24-30. With a longer stretching duration (120-240 seconds) and a total stretching sessions of 30 (5 days per week for 6 weeks), we could not observe any effects of static stretching exercises on muscle morphology in the present study, as well. Several studies revealed that long-term stretching exercises with longer stretching durations might cause changes in muscle morphology (6, 9) . Peixinho et al. (6) performed 60 seconds of static stretching with 10 repetitions in the triceps surae muscles of mice. These exercises were continued 3 days a week for 8 weeks. At the end, the pennation angle presented a permanent decrease of 25%, and the fascicle and sarcomere length exhibited a permanent increase of 8.5% and 5%, respectively. Freitas and Mil-homens (9) also found a significant increase in the fascicle length (+12.3 mm, +13.7%) of the biceps femoris muscle after static stretching exercises for 450 seconds at pain threshold, where the effects of a high-intensity static stretching exercise consisting of 3.1 times a week for 8 weeks was investigated. The pennation angle also decreased by 10.8% (-1.7°), although it was not statistically significant. Freitas and Mil-homens (9) have suggested that stretch intensity and duration are important factors in muscle morphology adaptations. Considering these findings, we could state that the stretching period that we applied in the present study might have been insufficient to produce an significant effect on muscle morphology.
CONCLUSION
It was found that static and dynamic stretching exercises with a total duration of 240 seconds did not have a significant effect on muscle architecture in means of both acute and longterm applications. It would be useful to carry out further studies with static and dynamic stretching exercises with longer durations.
